The purpose of this study is to test the hypothesis that glaucoma leads to selective deficits in parallel pathways or channels. Sweep VEPs were obtained to isolated-check stimuli that were modulated sinusoidally in either isoluminant chromatic contrast or in positive and negative luminance contrast. Response functions were obtained from 14 control subjects, 15 patients with open-angle glaucoma, and seven glaucoma suspects. For all three groups of subjects we found characteristic differences between the VEP response functions to isoluminant chromatic contrast stimuli and to luminance contrast stimuli. The isoluminant chromatic stimulus conditions appeared to favor activity of the P-pathway, whereas the luminance contrast stimuli at low depths of modulation favored M-pathway activity. VEP responses for patients with OAG were significantly reduced for chromatic contrast and luminance contrast conditions, whereas VEP responses for glaucoma suspects were significantly reduced only for the 15-Hz positive luminance contrast condition. Our results suggest that both M-and P-pathways are affected by glaucoma.
Introduction
Open-angle glaucoma (OAG) leads to progressive damage of the retinal ganglion cells and their axons. The damage results either from the direct mechanical effects of high intra-ocular pressure (IOP), from compromises to the vascular supply or from a combination of these and other factors [7] . There is some evidence from histological post-mortem studies that specific types of ganglion cells are more vulnerable. The larger ganglion cells in the retinal mid-periphery and in the foveal area appear to be selectively damaged [10, 11, 23] . This selective loss has been reported for both mild and severe disease. In addition, glaucoma has been found to selectively decrease the axonal flow to the magnocellular layers of the lateral geniculate body [4] . The interpretation of these findings is that damage to the larger ganglion cells represents selective damage to the Mganglion cells, which project to the magnocellular layers of the lateral geniculate body. Another interpretation is that damage to the larger ganglion cells, particularly those in the foveal region represents damage to a subset of P-ganglion cells, which project to the parvocellular layers. These P-cells have larger cell bodies and receive on-center input from short-wavelength sensitive (S-) cones [5, 10] . These interpretations are not necessarily exclusive and it is possible that there is selective damage to M-ganglion cells and to a subset of P-cells. The hypothesis that there is selective damage to the larger ganglion cells and axons implies that one would expect to find deficits in those aspects of visual function subserved presumably by the M-pathway and/or by the S-cone system. The results of some psychophysical studies have been interpreted as providing evidence for M-pathway deficits. For example, temporal contrast sensitivity for high temporal frequencies (e.g. Refs. [2, 30] ) and motion sensitivity (e.g. Ref. [27] ) are re-ported to be reduced in patients with ocular hypertension and glaucoma. The results of visual evoked potential (VEP) and pattern electroretinogram studies have also been interpreted as providing evidence for M-pathway damage [25, 28, 29] . On the other hand, the results of psychophysical and VEP studies demonstrating that there is a selective decrease in sensitivity of the S-cone system during the early stages of the disease (e.g. Refs. [1, 6, 12, 13, 15, 17, 24, 34] ) suggest that there is damage to a subset of P-cells with larger cell bodies and axons. Additional evidence that the P-pathway is compromised even during the early stages of glaucoma comes from recent studies that have shown deficits in both chromatic and luminance channel processing in the peripheral and central retinal areas [8, 14] .
The purpose of this study is to test the hypothesis that glaucoma leads to selective deficits in parallel pathways or channels. The term selective implies that the pathways are differentially affected by the disease process. A number of investigators have attempted to examine the properties of parallel pathways within the human visual system through the use of visual evoked potentials elicited by luminance and chromatic contrast modulation (e.g. Refs. [3, 9, 20, 32, 33] ). In this study, a sweep VEP technique described by Zemon et al. [33] is used to compare the effects of glaucoma on the pathways' responses. Zemon et al. [33] obtained sweep VEPs from normally sighted observers to appearancedisappearance of isolated-check stimuli that were modulated sinusoidally in either isoluminant chromatic contrast (red checks against a yellow background) or in luminance contrast. The isoluminant chromatic stimulus conditions appeared to favor activity of the P-pathway, whereas the luminance contrast stimuli at low depths of modulation favored M-pathway activity. If we find deficits in the VEP responses of patients with glaucoma to both isoluminant chromatic contrast stimuli and luminance contrast stimuli, this would contradict the implications of a strong version of the hypothesis that in glaucoma the larger ganglion cells and axons are selectively damaged.
Methods

Obser6ers
Three groups of observers participated in the study: 15 patients with OAG (mean age 52, S.D.=12 years, range 23-70), seven glaucoma suspects (mean age 50, S.D. =8 years, range 35 -56) and 14 normal observers (mean age 44, S.D.= 13 years, range 25 -65 All subjects gave informed consent to participate in this study. Tenets of the Declaration of Helsinki were followed and institutional human experimentation committee approval was obtained.
Apparatus and stimuli
Sweep VEPs were elicited by modulation of an array of 32×32 isolated checks (each check subtending 7.5% of visual angle) upon a steady 'yellow' background. Each check was separated from its neighboring check by one check width. Thus the isolated checks covered one-quarter of the display field and the background covered the remaining three-quarters of the field. The patterns were generated using a VENUS system (Neuroscientific Corp.) on an RGB video display with a frame rate of 119 Hz (non-interlaced). The system is equipped with a linearization procedure that enables correction of nonlinearities in the display for each gun independently. When the stimulus is modulated over the entire luminance range (nominal contrast setting of 100%) we obtain no more than 1% second harmonic distortion. The square display was viewed at a distance of 114 cm, and subtended 8°of visual angle. Mean luminance of the yellow background was 60 cd/m 2 . A small fixation target was placed in the center of the display. The stimuli were presented in appearance-disappearance mode (temporal sinusoids of 6, 10, 12 and 15 Hz). The pattern consisted of isoluminant chromatic contrast (red) checks or luminance contrast (yellow) checks. The appearance-disappearance modulation of Visual field defect: MD, the mean deviation in DB; CPSD, the corrected pattern standard deviation in DB; WNL, within normal limits. Where global indices are not available the following scale is used: 1, relative scotoma in one hemifield \6°from the fovea; 2, relative scotoma \6°from the fovea in both hemifields; 3, arcuate scotoma in one hemifield, or a scotoma B6°from the fovea; 4, arcuate scotoma in one hemifield and a relative scotoma in the other hemifield; 5, arcuate scotoma in both hemifields. isoluminant red checks involved counterphase modulation of the red and green guns, with the blue gun set to zero luminance. At one point in the stimulus cycle, the red gun achieved minimum intensity while the green gun reached maximum intensity at a green -red ratio (G/R) that resulted in a yellow hue and in disappearance of the pattern (i.e. a uniform yellow field was obtained). One half cycle later the red gun was at maximum intensity and the green gun was at minimum intensity. This resulted in red checks of peak chromatic contrasts at a G/R that was set for each observer to produce isoluminance. The technique was based on that described by Zemon et al. [33] .
In this study, luminance contrast is defined as follows:
where C L is luminance contrast, L max is the maximum luminance and L min is the minimum luminance. The definition of chromatic contrast (C c ) was based on the above formula applied to the modulation of the red gun. The green gun was always modulated in counterphase with that of the red gun at a depth of modulation used to yield isoluminance for a given observer. A steady offset voltage was applied to the check regions of the display to ensure the attainment of a uniform yellow hue when the red gun was at a minimum intensity and the green gun was at a maximum intensity.
Procedure
VEP estimate of isoluminance
A VEP estimate of isoluminance was obtained for each observer by varying in counterphase the depth of modulation of the green gun while keeping that of the red gun fixed at 100%. The stimuli were presented at 10 and 12 Hz. The G/R that yielded a minimum in the VEP amplitude and/or an inflection in the phase function was taken as the estimate of isoluminance and used to obtain chromatic contrast functions (see below). The estimates of isoluminance were found to be consistent over a range of temporal frequencies (6, 10, 12, 15 and 20 Hz) and were also consistent with psychophysical estimates obtained using heterochromatic flicker photometry [33] .
Contrast functions
Luminance contrast and isoluminant chromatic contrast were varied parametrically. The chromatic contrast sweep was run at a temporal frequency of 6 Hz, and the luminance contrast sweep was run at 6 and 15 Hz, first with increasing positive contrast (i.e. checks appearing brighter than background), and then with increasing negative contrast (checks appearing darker than background). 
Recording procedure and analysis
Three electrodes were used: an active electrode placed 2.5 cm above the inion in the midline, a reference electrode on one ear, and a ground electrode on the opposite ear. The raw EEG was amplified (20K), digitized, and stored. Subjects were refracted for the viewing distance and were tested monocularly after being light-adapted to the mean luminance of the display for 2 min. Each test was run five times, and subjects were given a rest between runs. Amplitude and phase measures in the response at the fundamental and second harmonic frequencies were extracted by means of discrete Fourier transform. Five sweep functions were averaged, and a multivariate statistic T circ 2 [31] was applied to the dominant (fundamental) frequency component. This statistic is designed to aid in the analysis of signals produced in the sweep VEP technique. It has been shown to be superior to other statistics in signal detection and in estimating confidence regions from VEP data [31] . Signal-to-noise ratios (SNRs) were calculated for each subject for each condition. The ratios were derived from each subject's averaged combined amplitude and phase measures using the T circ 2 statistic. The SNRs for each luminance contrast and isoluminant chromatic contrast condition represent the amplitude of the fundamental at a specific contrast level divided by the radius of the circular 95% confidence region. By definition, a SNR\1 indicates a significant VEP response at an h-level of 0.05. A SNRB 1 indicates that the VEP response is not significantly different from the on-going EEG noise.
Sclar et. al. [26] have demonstrated that P-cells respond to luminance contrast \ 10%. In order to reduce the contribution of the P-pathway to our measurements of response amplitude under luminance contrast conditions, SNRs were first calculated for measurements obtained at 8% contrast. However, several of the normal observers did not have significant response amplitudes at 8% contrast for the 15-Hz stimuli, so SNRs were instead calculated for amplitudes at 16% contrast, the next contrast level tested. M-cells have essentially no response to isoluminant chromatic contrast at the fundamental frequency, even at high contrast levels [18] . Thus, SNRs for the isoluminant chromatic contrast condition were calculated at 80% contrast.
Results
Estimates of isoluminance
VEP estimates of isoluminance were obtained for all subjects at 10 and 12 Hz. Fig. 1 shows the fundamental amplitude vs. the G/R for a representative control Table 1 for the clinical characteristics of the more affected eye; visual acuity was 20/20 for the less affected eye, visual field examination showed an arcuate scotoma in one hemifield, and the cup to disc ratio was 0.6. The filled circles in the lower left-hand panel represent data obtained from the more affected eye, the unfilled circles are data from the less affected eye. The error bars represent 95% confidence regions. subject (N10) and a representative patient with OAG (P11). The fundamental amplitude shows a minimum at isoluminance (left panel) and the phase data (right panel) show the greatest phase lag around isoluminance. The ratios of isoluminance coincided with a perceived minimum in flicker. Fig. 2 (upper panels) shows the VEP response as a function of chromatic contrast for a control subject (N10). The amplitude of the fundamental begins to rise gradually at 20% contrast and continues to increase with increasing contrast (upper left panel). The corresponding phase function shows no consistent phase advance with increasing contrast (upper right panel). Figs. 3 and 4 (upper panels) show the VEP response as a function of increasing positive and negative luminance contrast for N10 at 6 Hz (Fig. 3 ) and 15 Hz (Fig.  4) . The amplitudes of the fundamental for luminance contrast conditions at both temporal frequencies rise steeply and then appear to saturate at about 16% contrast. The corresponding phase functions (Figs. 3  and 4 , right panels) show a relative phase advance for all luminance conditions. In addition, the VEP amplitudes are larger for the 6-Hz stimuli than for the 15-Hz stimuli. Fig. 2 shows the VEP response obtained as a function of isoluminant chromatic contrast for one of the patients P8 (OAG). Responses were obtained from each eye separately in order to compare the effects of disease severity on the VEP responses. For P8 (lower left panel), the amplitude of the fundamental for the less affected eye (OS) begins to rise gradually after 40% contrast, and obtains a maximum of only 3 mV. The corresponding phase data (lower right panel) show no phase advance with increasing contrast. For the more affected eye (OD), the amplitude of the fundamental never rises above the background noise. Fig.  3 (lower left panel) shows the VEP response amplitude as a function of ( + ) and ( −) luminance contrast at 6 Hz for the same patient (P8). The amplitude of the fundamental rises steeply with increasing contrast and appears to saturate by 16%. The maximum amplitude attained is greater for the less affected eye. There is a small phase advance (lower right panel) with increasing contrast. Fig. 4 (lower panels) shows the VEP response as a function of (+) luminance contrast at 15 Hz for P8. For this higher temporal frequency condition, the amplitude of the fundamental for the more affected eye never rises above background noise. The phase data for the less affected eye show a relative phase advance. 
Chromatic and luminance contrast functions
Control subjects
Patients
Analysis of amplitude data
SNR values for each subject were derived from the amplitude and phase data obtained at 80% contrast for the isoluminant chromatic contrast condition, and at 16% contrast for the luminance contrast conditions. A logarithmic transformation was applied to the values because the subsequent use of parametric statistics (see below) depended on obtaining an approximately normal frequency distribution. The transformed (log 10 ) SNR values for each subject for the five conditions are shown in Fig. 5A -E. A log SNR \0 indicates a significant response at the 0.05 level. A log SNRB0 indicates that the VEP amplitude is not significantly different from the on-going EEG noise. Only one subject in the control group had an SNRB0, and this was for the negative luminance contrast condition at 15 Hz (see Fig. 5A-E, open circles) . This is in contrast to the OAG and glaucoma suspect groups. For the isoluminant chromatic contrast condition, seven subjects from the OAG group (Fig. 5A, filled circles) and two from the glaucoma suspect group (open triangles) had SNRB 0. A similar result was obtained for the positive luminance contrast condition at 6 Hz; six subjects from the OAG group and two from the glaucoma suspect group had SNRB0. For the negative luminance contrast condition at 6 Hz, however, only two subjects from the OAG group had SNR B 0. For the positive and negative luminance contrast conditions at 15 Hz the majority of the OAG and glaucoma suspect subjects had SNRB0. The results for the five conditions were compared for the different sub-groups of OAG (primary, juvenile, pigmentary and normal-tension); no apparent differences were found between these subgroups. A planned comparison procedure (Tukey HSD. test), with an experiment-wise error set at 0.05, was used to estimate the statistical significance of the results for the three groups of subjects. We found significant differences in log SNR values between the control subjects and the OAG subjects for all the conditions except the negative luminance contrast condition at 6 Hz. The only significant difference between values for the control subjects and glaucoma suspects was for the positive luminance contrast condition at 15 Hz (see Table 2 for summary statistics).
Amplitude 6s. phase
The amplitude and phase data for subjects whose log SNR values were \ 0, were plotted in a polar coordinate form. Fig. 6 shows the polar plots for the fundamental components for the five conditions. In each plot, the distance from the origin to each data point indicates the amplitude in microvolts, and the orientation of the vector from the origin to the point represents the phase in degrees. Only response components distinguishable from noise are plotted. Each data point represents the amplitude and phase for an indi- vidual subject. Fig. 6A shows the amplitude and phase data obtained at 80% contrast for the chromatic contrast condition. The amplitude and phase data for the eight OAG subjects (filled circles) and the five glaucoma suspects (open triangles) with SNR\0 are similar to those seen for the control subjects (open circles). For the positive and negative luminance contrast conditions at 6Hz (Fig. 6B,C) , there is a trend towards a slight shift in the phase for the OAG and glaucoma suspects, particularly for the positive condition. The polar plots for the positive and negative luminance contrast conditions at 15 Hz (Fig. 6D,E ) illustrate how few of the subjects from the OAG and glaucoma suspect groups have response components that are distinguishable from noise.
Discussion
The aim of the study was to determine if glaucoma resulted in selective deficits in parallel pathways or channels. A sweep VEP technique was used to assess responses to isoluminant chromatic and luminance contrast stimuli. For all three groups of subjects, we found characteristic differences between the VEP response functions to these two types of contrast stimuli. For the chromatic contrast stimuli the amplitude of the fundamental frequency component increased gradually at 20% contrast, continued to increase with increasing contrast and did not saturate (see Fig. 2 ). For the luminance contrast stimuli, the amplitude of the fundamental rose steeply with increasing contrast and appeared to saturate at approximately 16% contrast (see Figs. 3 and 4) . These findings are consistent with those reported by Zemon et al. [33] . The VEP response functions obtained under isoluminant chromatic contrast conditions show a qualitative similarity to the responses obtained from single-cell recordings of monkey tonic (P-) cells by Lee et al. [18, 19] , whereas the luminance contrast functions resemble the response vs. luminance contrast functions of phasic (M-) cells obtained by Lee et al. [18] and of monkey magnocellular dLGN cells obtained by Kaplan and Shapley [16] .
Although there is a qualitative resemblance between the VEP functions and functions derived from singlecell data, we have to take into account the extensive overlap of functional properties that exists between the M-and P-pathways (see Ref. [21] for review). In this study, we have tried to choose our stimulus conditions so as to reduce the functional overlap that exists between the two pathways. We assume that the isoluminant chromatic contrast stimuli at lower temporal frequencies (6 Hz), as used in this study, would be expected to favor responses from the P-pathway. The qualitative similarity of the VEP response functions obtained under isoluminant chromatic contrast conditions to the responses obtained from single cell recordings of monkey P-cells by Lee et al. [18, 19] provide support for this assumption. The authors obtained responses to chromatic contrast which increased with increasing contrast and did not saturate. As M-cells are believed to be relatively insensitive to isoluminant chromatic contrast stimuli, a significant contribution from the M-pathway would not be expected under our conditions [21] . Although Lee et al. [18] found that M-cells can respond to chromatic contrast, the M-cell responses Fig. 6 . (A -E) Polar plots for the fundamental VEP components. The distance from the origin to each data point represents amplitude in microvolts, and the orientation of the vector from the origin to the point represents the phase in degrees. The unfilled circles represent data for the control subjects, the filled circles are data for the OAG subjects and the unfilled triangles are data for the glaucoma suspects. were at a frequency twice that of the stimulus. There was very little response from M-cells at the fundamental frequency. As we examined the amplitude of the fundamental component only, it is unlikely that there would be a significant contribution from the M-pathways under isoluminant chromatic contrast conditions. With regard to the results obtained for the luminance contrast conditions, we cannot assume that the responses to all the conditions are dominated by M-pathway activity. Cells of the M-pathway have been shown to be more sensitive to changes in luminance contrast, and also to lower spatial and higher temporal frequency stimuli, than cells of the P-pathway. It is possible however, that our luminance contrast stimuli presented at the higher temporal frequency (15 Hz), and at low luminance contrast (16%) favor responses from the M-pathway.
When we compared the VEP responses obtained for those stimulus conditions which reduced the functional overlap between the M-and P-pathways we did not find evidence for selective deficits for the group of patients with OAG. VEP responses were significantly reduced for both chromatic and luminance contrast conditions. The same trend was apparent for each of the sub-groups of OAG. Evidence for selective nerve fiber losses in glaucoma comes from anatomical studies of human chronic glaucoma and of experimentally induced chronic glaucoma. The results have been interpreted as providing evidence for selective loss of large ganglion cells [10, 23] . A selective loss of larger ganglion cells has also been found in the foveal regions of monkeys with experimental glaucoma [11] . These findings have been interpreted as representing selective damage to the M-ganglion cells. It has also been suggested that the selective loss of larger ganglion cells particularly in the foveal region represents damage to a subset of P-ganglion cells, which project to the parvocellular layers. The subset of P-cells have larger cell bodies and receive on-center input from short-wavelength sensitive (S-) cones [5, 10] . The implications are that one would expect to find deficits in those aspects of visual function subserved by the M-pathway and/or by the S-cone system [11, 22] . One would not expect to find deficits in those aspects of visual function subserved by the smaller P-ganglion cells. The decreased VEP responses to isoluminant chromatic contrast stimuli we obtained from patients with OAG, suggest that P-pathway function is affected. The reduced responses under 'red/green' chromatic conditions contradict a stronger version of the hypothesis that in glaucoma there is a selective loss of larger ganglion cells and axons (i.e. M-pathway deficits), since P-cells which receive mixed polarity input from L-and M-cones are known to have smaller cell bodies. As our OAG patients also had reduced responses under conditions of high temporal frequency (15 Hz) luminance contrast, we cannot rule out damage to the M-pathway. Our results suggest that there is sizeable damage to the small ganglion cells of the P-pathway and to the large ganglion cells.
The results for the glaucoma suspects suggest that there may be a trend towards selective deficits during the early stages of the disease. The only significant differences in SNR values we found were for the positive luminance contrast condition at 15 Hz. One possible interpretation is that the on-subdivision of the M-pathway is selectively affected in the early stages of the disease. It should be noted, however, that two of the glaucoma suspects also had decreased VEP responses for the chromatic contrast conditions at 6 Hz, suggesting that there is damage to the smaller cells of the P-pathway even during the early stages of the disease.
In conclusion, we found deficits in the VEP responses of patients with glaucoma to both isoluminant chromatic contrast stimuli and luminance contrast stimuli. Deficits were non-selective in patients with OAG. Our results suggest that there is damage to the small ganglion cells of the P-pathway as well as to the large ganglion cells.
